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an extended version of the Ranger positioning
leg, the dual dexterous robotic arms of Ranger
will be used to perform critical servicing tasks,
replacing gyros, batteries [Figure 1], and science
instruments of interest. The servicing spacecraft
will reboost HST to a higher altitude, and then
separate from HST and maneuver into a stable coorbital location nearby. HST will continue science
operations in a completely nominal conﬁguration.
Should additional failures occur for which the
servicing spacecraft carries spares, it can redock
and service HST multiple times, then separate again
to allow nominal HST science data collection. At
the end of Hubble useful life, the ICM will again
dock and provide the propulsion for a controlled

Summary
All necessary components currently exist to
ensure that the remaining operations of Hubble
Space Telescope stay as productive of worldclass science as they have been throughout
its lifetime. In this proposal, three existing
systems are combined to provide the necessary
capabilities for telerobotic servicing of HST.
The Ranger robot is a spaceﬂight qualiﬁed
dexterous robotic servicing system developed
under NASA funding, based largely on the
requirements for robotic servicing of Hubble
Space Telescope, and building on more than twenty
years of Space Systems Laboratory experimental
and theoretical research on HST robotic servicing.
Despite the formal termination of NASA support
in 2001, the qualiﬁcation unit is still under active
test at the University of Maryland, and 70% of
the components for the ﬂight unit have been
fabricated or procured and are in storage awaiting
a ﬂight opportunity. The Interim Control Module
was developed by the Naval Research Laboratory
under NASA funding for the International Space
Station, and is complete and in storage at NRL. The
critical components for continued HST operations
and science data collection are ready for ﬂight at
the NASA Goddard Space Flight Center, pending
the recently canceled Servicing Mission 4 (SM4).
Under this proposal, the Ranger dexterous
servicing system and all SM4 orbital replacement
units (or a selected subset) would be integrated
onto the ICM, and launched on a Delta or Atlas
launch vehicle. ICM will rendezvous and dock with
HST at the berthing ﬁttings on the aft bulkhead,
under supervisory ground control. Positioned by

Figure 1
Overview of HST robotic servicing concept
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deorbit of the entire assembly. This approach will
prevent the loss of science data collection over the
remaining HST lifetime, and will offer critically
needed experience in robotic servicing essential
to future human missions to the moon and Mars.

years, by creating fully capable dexterous
robots and testing them in the neutral buoyancy
environment on high-ﬁdelity simulations of
operational tasks. From the beginning of this
effort two decades ago, the standard canonical
case for this development and testing has been
the robotic servicing of Hubble Space Telescope.

Background
Hubble Space Telescope has been one of the
most productive science endeavors in history,
by any standards. Each of the four servicing
missions has improved the capabilities of the
system, resulting in a steady increase in the rate
of science data collection, and in the publication
of science results from HST observations.

In 1987, the Space Systems Laboratory
accomplished the ﬁrst intensive experimental
investigation of Hubble Space Telescope servicing
with its Beam Assembly Teleoperator (BAT).
This system was tested on the high ﬁdelity HST
crew training hardware, and performed a number
of assessment tasks, including Wide-Field
Planetary Camera (WFPC) [Figure 2], battery
[Figure 3], and reaction wheel changeout, both

With the cancellation of SM4, Hubble faces a
limited lifetime prior to a required deorbit mission.
Currently, HST is one gyro failure away from
degraded science data collection, or potentially
total operations shutdown. The batteries currently
onboard HST are unchanged since the launch of
the observatory, and are rapidly losing storage
capacity as their cycle lifetime nears. While the
original plans were for Hubble to continue its
unique and world-class science data collection
for the rest of this decade, probabilistic analysis
shows that it would be naive to expect more than
2-3 years of useful life, at most, in its current state.
Three things are required to keep Hubble operating
at peak form until the end of its mission: spare parts,
a way to install them, and a way to get the parts and
repair system to Hubble. The principal message of
this white paper is that not only are all three tasks
feasible, but that the hardware and knowledge base
to do them are currently in existence, ready for
ﬂight, and largely paid for. A single mission will
provide a telescope in top condition for the rest
of its mission, and will also perform the deorbit
maneuvers for disposal at the true HST end of life.
University of Maryland Robotics
The University of Maryland Space Systems
Laboratory has been actively investigating
robotic spacecraft servicing for over twenty

Figure 2
Beam Assembly Teleoperator (BAT)
beginning Wide Field Planetary Camera
(WFPC) changeout
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Ranger Telerobotic Flight Experiment (TFX).
Ranger TFX development produced the ﬁrst
highly capable underwater version of a space
robot system. As shown in Figure 4, the freeﬂying Ranger Neutral Buoyancy Vehicle (NBV)
was used extensively in the decade of the 1990ʼs,
frequently with Hubble Space Telescope tasks as
its focus. Test operations with this vehicle included
the emplacement and stowage of portable foot
restraints for the EVA crew (a highly dexterous
task), as well as opening and closing equipment
bay doors and performing ORU replacement tasks.
Due to the lack of a free expendable launch
vehicle, in 1996 the University of Maryland
Ranger development team was directed by
NASA to redesign the system, and to develop
the ﬂight hardware for a shuttle-based
demonstration mission, The Ranger Telerobotic
Shuttle Experiment (TSX) dropped the freeﬂight capabilities of TFX, but retained the basic

Figure 3
BAT removing HST battery from carrier plate
purely robotically and cooperatively with EVA
subjects. These tests were continued and extended
in further focused test series in 1989 and 1992.
Based largely on the knowledge base developed
from these robotic HST servicing tests, the Space
Systems Laboratory began in 1992 the process of
developing a next-generation robotic servicing
system, with the design goal of being able to use
EVA interfaces, and capable of accomplishing
the same tasks currently performed by EVA. The
methodology adopted was to design a system fully
capable of complex spacecraft servicing, which
would be compatible with a small expendable
launch vehicle. The resultant system, called Ranger,
was selected by NASA in 1992 for development
as a low-cost robotic ﬂight experiment: the

Figure 4
Ranger NBV working on HST SSM
Equipment Section
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manipulator capabilities and conﬁguration. All
manipulators are mounted close together on a
single attachment module, allowing access to
restricted volumes such as the HST aft shroud
and equipment bays. Two dexterous arms
[Figure 5] have greater range, speed, and force
of motion than an unsuited human. Rather than
incur the complexity of an anthropomorphic
hand, the Ranger approach was to incorporate
autonomously interchangeable end effectors. This
provides an almost unlimited range of potential
interfaces, and high mission reliability through
the development of a mechanical interchange
mechanism that ensures that the end effector
is never released in the exchange between the
tool post and the robot arm. A highly capable
positioning leg [Figure 6] provided the attachment
to the space shuttle payload bay ﬁxture, and a
fourth manipulator provided positioning and
direction of a stereo camera pair for operator
feedback. The entire system [Figure 7] was
designed to operate via ground control with twoway command and data relay through the TDRSS
satellites; software developed by the SSL for the
ground control station provides proven mitigation
of the 1-2 second command latency through the
use of predictive and commanded displays.

Figure 6
Ranger Positioning Leg undergoing testing
in University of Maryland Neutral Buoyancy
Research Facility

One more unique feature of the Ranger program
was the reliance on neutral buoyancy simulation

Figure 7
Mockup of Ranger Telerobotic Shuttle
Experiment in study of SM4 battery access
for development, simulation, and training. The
Space Systems Laboratory has been developing
robotic systems for the underwater simulation
of space operations for more than twenty years,
and has a wealth of experience in the design
and operation of complex systems in that
environment. The Ranger ﬂight manipulators
were planned to be essentially identical to a
neutral buoyancy unit, which serves as both
a development and procedures qualiﬁcation
testbed. The neutral buoyancy hardware could
also be used as a qualiﬁcation unit, undergoing
much more stringent tests than would be

Figure 5
Flight-conﬁguration Ranger Dexterous
Manipulators in laboratory testing
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advisable for a protoﬂight development strategy.
At the time of NASAʼs cancellation of the Ranger
program, due to budget restrictions following the
discovery of ISS cost overruns and to difﬁculties
in ﬁnding ﬂight opportunities in the shuttle
manifest, the SSL development team had fully
developed the two dexterous arms and positioning
leg for the neutral buoyancy unit, and had
procured 70% of all necessary components for the
ﬂight pair of dexterous manipulators. Although
no longer funded by NASA, the University of
Maryland has supported operations testing of the
Ranger robotics systems, accumulating close to
a thousand hours of test time on the dexterous
manipulators in the laboratory environment,
and extensive neutral buoyancy testing of the
positioning leg. These tests have been almost
exclusively focused on Hubble servicing tasks,
including changeout of the electronic controller
units (ECU) and tasks supporting the replacement
of radial instruments such as the Wide Field
Camera and Fine Guidance Sensor. [Figure 8]

Figure 9
Ranger Dexterous Arm in robot-augmented
Manipulator Foot Restraint

Over the last 18 months leading up to the
cancellation of SM4, the primary focus of Ranger
operational testing was to support the concept of
robotic augmentation of EVA operations for SM4.
In parallel with development and testing of the
concept of a robotically-augmented manipulator
foot restraint [Figure 9], the Ranger team

undertook an extensive task-by-task, procedureby-procedure investigation of all four past Hubble
servicing missions, along with plans for SM4.
Each element of each procedure was assessed for
the ability of a Ranger-type dexterous manipulator
to perform the task, and evaluated on the impact
to the EV servicing. Procedures were developed
to incorporate the robotic manipulators in the
servicing timelines, either prior to EVAcrew egress,
robotic operations in direct support of the crew, or
close-out activities after the EV crew had ﬁnished
for the day. Tasks were only assigned to the robot
if they were well within current demonstrated
capabilities, and if they were tasks that could be
easily separated from logical sequences of the
EV crew time. Even with these very restrictive
groundrules, the SSL studies showed that 80%
of the EV tasks on SM2 and SM3A could be
beneﬁcially replaced by robotic operations, and
even on the more complex missions such as SM1
and SM3B, 40-50% of EV crew time could be
saved by robotic augmentation. These studies

Figure 8
Ranger Dexterous Arm handling Fine
Guidance Sensor handhold
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were extended to planned SM4 operations, with
the goal of ﬁnding a scenario which reduced
the total operations from ﬁve (overbooked) EV
days down to three. This was accomplished
without resorting to any new development efforts
for the robotic systems, other than mounting
the dexterous manipulators to the MFR and
the shuttle remote manipulator system (RMS).
Interim Control Module
In 1997, NASA requested that the U.S. Naval
Research Laboratory (NRL) study the feasibility
of adapting an existing, heritage spaceﬂight system
to provide low-cost, contingency propulsion
operations for the International Space Station (ISS)

Figure 10
Interim Control Module in test chamber at
Naval Research Laboratory
Processing Facility in Washington, D.C. The
vehicle is capable of launch on either the Space
Shuttle or an expendable booster of the EELV class.

After determining that the system could be
adapted in time to meet NASAʼs schedule
and mission requirements, NRL was granted
authority to proceed with the Interim Control
Module. From its inception, ICM was a
contingency option for attitude control and
reboost of the ISS that would allow NASA to
preserve the on-orbit construction schedule in
case of delays in the launch of other elements.

Servicing Mission 4 Elements
The approach taken in this proposal is to perform
as much of the SM4 servicing operations as is
feasible, using the already-developed orbital
replacement units and launch protective
enclosures from SM4. There were eight primary
tasks planned for SM4 that are candidates for
this mission, along with their stowage locations:
• Battery replacement (2), on battery mounting
plates
• Rate sensor units (RSU) (3), in SOPE
• Cosmic Origins Spectrograph (COS), in
ASIPE
• Wide Field Camera 3 (WFC3), in WSIPE
• Fine Guidance Sensor 3 (FGS), in FSIPE
• Aft Shroud Cooling System (ASCS), on
ASCS mounting plate
• New Outer Blanket Layers (NOBL) (3), in
NPE
• Data Management Unit to Science Instrument
Command and Data Handling Cross Strap
Unit (DSC), in COPE

ICM was to launch on board the Space
Shuttle, deploy from the Shuttleʼs cargo bay,
and mate with the ISS at the Russian Control
Module. Once on orbit, ICM would provide
sufﬁcient fuel for 1 to 3 years of operation.
ICM, based on a satellite dispenser designed and
built by NRL, is shown in Figure 10 in its ISS
conﬁguration during system level EMI testing.
Although signiﬁcant modiﬁcations were required,
ICM met all requirements for its ISS mission. The
vehicle is 3-axis stabilized and can carry 11,700
pounds of bipropellant fuel. The vehicle is qualiﬁed
to carry an additional 12,000-pound payload,
and can provide power, ordnance functions,
and data handling services to that payload.
As ISS assembly progressed, ICM was released by
NASA and is available to perform other missions.
ICM is currently in storage at NRLʼs Payload

As described below, one possible conﬁguration
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a support structure. This support structure will be
varied in each of the following conﬁgurations to
support the HST servicing hardware ﬂown, and
to hold the HST berthing and positioning ring
(BAPR) from the shuttle ﬂight support structure
(FSS), which will be used to dock to the telescope
and maneuver it in the roll axis to bring servicing
sites within reach of the Ranger robot. ICM will
also be modiﬁed to incorporate TDRSS Ku-band
relay for system command uplink, and video and
data downlink to the ground control station. The
Ranger robotic servicing system is mounted in the
same conﬁguration for all three proposed options.

for this mission incorporates all of these elements
in a robotic servicing mission; the other options
considered use selected subsets of high-priority and/
or high-assurance tasks. The total mission mass for
all SM4 servicing hardware described above, but
not including shuttle-speciﬁc carriers, is 8574 lbs.
Potential Mission Conﬁgurations
Common Mission Scenario and Assumptions
A number of options are possible in designing a
robotic servicing mission for HST. One could,
on the one hand, attempt the most conservative
mission possible, putting only essential
requirements (batteries and rate sensors) in an
external package and attaching to an external
electrical connector. While Ranger robotics
would be equally applicable to this mission, it
represents such a limited beneﬁt to both HST and
the advancement of robotics technology that it
will not be further considered in this white paper.

Common to all conﬁgurations, the mission
will begin with the launch of the servicer on an
expendable launch vehicle from Cape Canaveral.
Based on ground ephemeris data, ICM will be
commanded from the ground to perform orbit
phasing and rendezvous maneuvering into
proximity with HST. Final approach to docking
will nominally be ﬂown manually under ground
control; if development permits, technology from
programs such as DART, Orbital Express, and
SUMO might be adapted to ICM to reduce the
reliance on ground control in the docking phase.
If there is concern over a free-ﬂight docking, an
alternative is to deploy the Ranger robot and,
while stationkeeping in close proximity, grasp
two handrails on the HST aft shroud. This will
provide sufﬁcient control over the telescope,
in conjunction with compliance control modes
using six-axis force-torque sensors in the
manipulator wrists, to carefully and deliberately
berth HST to the latches on the BAPR.

For this effort, three mission approaches have
been identiﬁed for further study. Common to all
of these approaches is the assumption that SM4
components will be used without signiﬁcant
modiﬁcation to the hardware or to the planned
servicing outcome. The goal of this study is to leave
Hubble Space Telescope not only functional, but
functional in the same nominal operating condition
it has always been in. This is the best way to assure
that the robotic servicing process does not affect
the operations or capabilities of the telescope.
All three mission scenarios assume the use of
the Ranger TSX ﬂight hardware for robotics,
with a few minor exceptions. Due to mass
limitations, the camera positioning manipulator
will be replaced with a simpler positionable
stereo camera pair on a pan/tilt unit. The Ranger
positioning leg will have new longer link inserts,
to provide sufﬁcient range of motion to reach the
HST solar arrays and OTA equipment section.

At this point, ICM will take over HST attitude
control, and robotic servicing operations will
begin. The baseline plan for these operations will
be to use teleoperation from the ground for robot
control, mitigating latency in the communications
links by the use of advanced controls and displays
already developed and demonstrated in the SSL
and elsewhere. If development testing indicates
sufﬁcient reliability, supervisory control and
automated routines will also be used where

A structure will be added to the upper deck of the
ICM to mount the Ranger positioning leg base and
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propellant will be used to lower the perigee
of the orbit to initiate a destructive reentry of
the entire stack (telescope, robot, servicing
hardware, and ICM.) Flight experience with
ICM predecessor vehicles indicates reliable onorbit loiter times in excess of six years. This
will allow (under the nominal schedule) two
years of correlative observations with the James
Webb Space Telescope prior to HST deorbit.

appropriate. All servicing operations will use
SM4 components, and essentially duplicate the
operations planned for EVA crew on SM4. This
concept even extends to the use of shuttle-veriﬁed
environmental protective enclosures for the
hardware, with standard EVA interfaces which
will be manipulated by the robot. Components
removed from HST will be stored permanently
on the servicing vehicle, to prevent orbital debris
and uncontrolled entry of any part of the vehicle.

Conﬁguration 1: Minimal Mission Option
The most conservative approach to this mission
would be to only ﬂy those elements most
necessary to continued HST operations: the two
batteries and three rate sensor units. A 77-inch
pylon in the center of the ICM upper deck serves
to provide the mounting sites for the BAPR,
as well as the two battery mounting plates and
the SOPE and COPE protective enclosures.
{It should be noted that it is not clear that both
the SOPE and COPE need be ﬂown for this
mission, but both are included for conservatism.)

Following successful servicing operations, the
BAPR latches will be opened and Hubble will
be released to further science data collection in
a completely nominal conﬁguration. ICM will
establish a co-orbital location a safe distance
from HST, and will await any further servicing
requirement. (It should be pointed out that,
in parallel with HST science operations, the
servicing vehicle would be a world-class
testbed for the development and demonstration
of advanced robotic servicing capabilities!)

As shown in Figure 10, this conﬁguration
does not push the envelope in terms of
component arrangement or packing. The total
system (including a third mounting plate
for stowing the ﬁrst battery removed from
HST) has a payload mass of 4454 pounds.

One augmentation of HST mission assurance
made possible by this servicing approach
is the preparation for future failures. For
example, since the rate sensor units are known
to have limited operational lifetimes on-orbit,
additional RSUs could be ﬂown in empty
locations in the SOPE and COPE carriers. If,
after several years, a number of HST RSUs had
failed, the servicer could redock to HST and
perform another RSU replacement procedure.
Another possible use of residual capacity in
the ICM servicer would be to perform an orbit
reboost with the ﬁrst servicing operation, and/or
with subsequent visits. Performance calculations
(summarized later in this document) indicate
that the residual propellants onboard ICM could
raise the HST orbit by several hundred nautical
miles, eliminating the possibility of uncontrolled
entry orbital decay for several decades.

Figure 11
Conﬁguration 1 (2 batteries, COPE, SOPE)

At the end of Hubble useful life, the ICM will
maneuver to dock one last time. Reserved
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Conﬁguration 2: Selected Servicing Option
Since Conﬁguration 1 does not severely task the
ICM or launch vehicle, it seems illogical to not
expand the servicing activities to try to put the
more advanced science instruments developed
for SM4 onto the telescope they were designed
for. Since the SSL has experience with robotic
replacement of radial instruments (speciﬁcally the
Wide-Field Planetary Camera), the intermediate
option incorporated all of the essential servicing
from Option 1, and added the Wide Field Camera
3 and WSIPE protective enclosure. This required
an additional 30” of height in the central support
pylon, with the WSIPE passing through the
center of the structure, as shown in Figure 12. The
total ICM payload mass in this case is 6308 lbs.

to perform the entire SM4 set of operations.
While the feasibility of this goal from the aspect
of robotics capability will be discussed later, the
task here was to see if all of the SM4 hardware
(along with SM4 protective enclosures) could be
incorporated onto the ICM upper deck within mass
and volume restrictions. A particular challenge
was the inclusion of the three large instrument
protective enclosures: the WSIPE for WFC3,
the FSIPE for the Fine Guidance Sensor, and the
ASIPE for the Cosmic Origins Spectrograph. As
shown in Figure 13, this challenge was readily
accomplished, within the same volume used for
Option 2. The total payload mass in this case is

Conﬁguration 3: Complete SM4 Servicing
Option
Since even Option 2 did not strain the capability
of the ICM, or present difﬁculty in launch
packaging, the goal established for the third
option was an ambitious one: perform every
SM4 servicing task robotically on this mission.
SM4, after all, represents the best scientiﬁc
assessment of needed upgrades to HST systems
and science instruments for the last phase of
its lifetime. Since all this hardware has already
been developed and is ready for ﬂight, the
most logical use of a robotic mission would be

Figure 13
Conﬁguration 3 (complete SM4 servicing
package)
10,834 lbs, which still represents an 11% margin
on the nominal ICM payload mass of 12,000 lbs.
Mission Performance and Launch Vehicle
Issues
The issue of orbital maneuvering requirements is
bound up with the selection of an appropriate launch
vehicle. At a minimum, the ICM is required to
maneuver to a docked conﬁguration for servicing,
separate and redock at a later time, and perform either
a deorbit maneuver or an orbit raising maneuver
to a minimum circular altitude of 2500 km.

Figure 12
Conﬁguration 2 (2 batteries, COPE, SOPE,
WFC3 in WSIPE)

Based on standard rendezvous and proximity
operations techniques, 200 m/sec maneuvering
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capability is reserved for the initial orbit
adjustment, rendezvous, and docking. Separation
and a second docking from a co-orbital station
is budgeted at an additional 50 m/sec. With
20% reserves, 300 m/sec is the design ΔV
budget for the ICM/robot/ORU vehicle alone.
While HST is docked, the ICM has to make
either a deorbit burn to enter the atmosphere at
the desired entry point for a safe destructive entry,
or raise the spacecraft to a long-term “disposal”
orbit. Based on standard calculation techniques,
the deorbit burn from the expected 2007 HST
altitude requires 164 m/sec, and a two-impulse
disposal orbit requires ΔVs of 437 and 411 m/
sec, for a total ΔV of 848 m/sec. Either set of
these maneuvers has to include the mass of HST
(currently 26,000 lbs) as part of the payload.
Due to the size of ICM and the servicing payload,
potential launch vehicles are restricted to those
with a 5-meter payload fairing. The minimum
launch vehicle would therefore be a mid-range
EELV, such as the Delta IV Medium+(5,2) or Atlas
V 501. For additional payload, the next larger
size of launch vehicles (Delta IV Medium+(5,4)
and Atlas 521) will also be considered.
Launch vehicle payload capabilities to the
projected 2007 HST orbit were obtained
from payload user guides for Delta and Atlas.
Based on an empty ICM mass of 6611 lbs, the
allowable propellant load for each of the three
conﬁgurations was calculated for each of the
four candidate launch vehicles. Conﬁguration 1
is essentially launched with full propellant tanks
in all cases; even Conﬁguration 3 can launch
with full ICM propellant tanks on the larger
vehicles (Delta IV M+(5,4) and Atlas V 521).
After reserving sufﬁcient propellant for 300 m/
sec of maneuvering without HST, the propellant
available for docked maneuvering with HST
was calculated for each of the 12 cases. This is
converted into total HST maneuvering ΔV in
Figure 14. As can be readily seen, none of these
10

Figure 14
HST Maneuvering ΔV residuals

Figure 15
Maximum HST reboost altitude with
subsequent ICM deorbit
options will provide sufﬁcient performance to take
HST to an end-of-life disposal orbit of 2500 km
altitude, as speciﬁed by NASA. Figure 15 shows
the circular orbital altitude which can be reached
with the residual propellants in the ICM, while
reserving sufﬁcient capability for deorbit from
that altitude. This may be regarded as the upper
limit for HST reboost at the ﬁrst servicing mission,
and is conservative in that it does not included the
effect of orbital decay between reboost and deorbit.
Even the lowest performing case allows additional
years of safe orbital lifetime for HST; most of the
cases will delay the date of drag-induced deorbit
by decades. It is clear, though, that the ICM has a
great deal of residual maneuvering capability, and
increases mission assurance by providing wide
margins on orbital maneuvering performance.
Mission Assurance
As the public outcry over the cancellation of
SM4 has illustrated, the robotic servicing of

and end-to-end operations in the University of
Maryland Neutral Buoyancy Research Facility
can begin within weeks thereafter. The best
way to ensure mission success is to make
sure that most of the time between now and
ﬂight is occupied with testing and procedures
development, not hardware development.

Hubble will be a mission with national and
international attention. It is important that
this mission have every possibility of success
in repairing Hubble, continuing its highly
productive science mission, and safely disposing
of it at end-of-life. A primary concern, therefore,
will be to adopt a robotic servicing approach
which provides for maximum mission assurance.

The third, and perhaps most important indicator
of mission success, is relevant experience. ICM
is an adaptation of a maneuvering spacecraft bus
with extensive ﬂight experience. NRL is also
involved in the SUMO program for DARPA,
which is aimed at autonomous rendezvous
and docking in approximately the same time
frame as this mission. Clearly, the Hubble
Servicing Team at the Goddard Space Flight
Center, along with its support contractors,
are the acknowledged world authorities on
complex spacecraft servicing, and obviously
comprise the foremost experts on Hubble itself.

There are three factors about this proposed
mission which are strong indicators of mission
success. The ﬁrst is the emphasis on using
existing assets to perform the mission. Other
than speciﬁc robotic end effector development
for unique tasks, every element of the proposed
ﬂight system is already designed and tested, and
almost all the ﬂight hardware currently exists.
This proposal makes maximum use of existing
SM4 servicing hardware, including ﬂight-proven
protective enclosures for the orbital replacement
units. ICM is based directly on a spacecraft
bus repeatedly ﬂown by the Naval Research
Laboratory, with demonstrated life on-orbit in
excess of six years. While no dexterous robot has
ever ﬂown in space, the Ranger system has come
farther than any other robot, passing successfully
through environmental testing and the shuttle
Payload Safety Review Panel phase 2 approvals.

What cannot be emphasized enough, however, is
the extensive relevant experience of the University
of Maryland Ranger development team, as part of
the Space Systems Laboratory. The ﬁrst SSL robot
was initially tested on Hubble Space Telescope
servicing in 1987, and repeated tests thereafter
continued and extended the experience base. The
original Ranger development process was based
around the requirements gleaned from servicing
HST, and Ranger itself has been tested against
Hubble servicing tasks from the ﬁrst motion of
the ﬁrst manipulator in the early 1990ʼs. Indeed,
the Space Systems Laboratory team has been
developing dexterous space robotics continually
for almost two decades, a record which would
be difﬁcult for any corporate or government
laboratory to equal. Since the early 1990ʼs, the
SSL has worked closely with the Goddard Space
Flight Center Hubble Servicing Team, including
extensive development and testing operations for
the past two years looking at the speciﬁcs of robotic
augmentation for EVAservicing during SM4. Given
the limited development time for this mission, it
is important that the robotic developers “speak

The reliance on the use of existing hardware leads
to the second mission assurance factor, which is
extensive operational testing. This mission has to
ﬂy in 2007 (or possibly early 2008) to guarantee
that Hubble will not be damaged or destroyed
by power loss from failing batteries. A mission
approach which requires the development of new
robotic hardware will take most of that time in
development, allowing only limited ground-based
testing prior to ﬂight. Indeed, an important issue
for purely ﬂight-type robotics is how to adequately
simulate end-to-end servicing operations on the
ground, since many of the operations will require
the manipulation of hardware beyond the 1G lift
capacity of the manipulators. By using Ranger
hardware, laboratory-based test operations could
begin the same day as the authority to proceed,
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of magnitude more time in test and training
operations prior to ﬂight than the actual ﬂight
operations will require. Thereʼs no better way
to ensure things work on-orbit than to practice,
and practice, and practice prior to ﬂight.

ﬂuent Hubble”; no time will be wasted bringing
the robotic side of the partnership up to speed on
the details or requirements for Hubble servicing.
Discussion of Potential Criticisms

Itʼs too ambitious!
Yes, purposefully so. Any of the various “Grand
Visions” of an ambitious future in space will
require highly capable dexterous robotics far
in advance of those proposed here. Robotic
servicing of Hubble represents a watershed
opportunity to demonstrate the current
capabilities of dexterous robotics, and to serve
as the harbinger of more advanced capabilities to
come. In this context, it would be very sad to see
this turn into a “grab, plug, and playʼ approach.

Itʼs not ambitious enough!
There are (arguably) more advanced robotic
systems in laboratories around the country and
the world, which might be incorporated into this
mission. That would be logical if this were strictly
a robotic experiment. However, the SSL team
developing this proposal has never lost sight of the
fact that this is, ﬁrst and foremost, an operational
mission to service and upgrade a unique science
asset. The work that the SSL has accomplished
on HST robotic servicing over the last twenty
years, and speciﬁc HST testing with Ranger over
the last decade, shows that this level of robotics
is adequate to the task; it would be foolhardy to
intentionally circumvent that experience base
just to add advanced technology for its own sake.

What must be remembered is that the proposed
approach is based on extensive operations testing
throughout the time from now until launch. In
the ﬁrst year, every task should be attempted in
end-to-end neutral buoyancy testing in exactly
the same way astronauts would assess each task
for EVA compatibility. If a task needs a new
end effector, that can be developed in an exact
parallel to the development of a new EVA tool.

Itʼs too large and heavy!
Yes, one can envision systems that are lighter and
smaller, and that can be launched on smaller (and
cheaper) vehicles. One point to remember is that
the overall mass of the servicer, even in the allout Option 3, is still dominated by the propellents
and propulsion system to maneuver HST into a
deorbit. This will limit any competing system
from being dramatically smaller than this one.

It may well be that one or more of the major
SM4 tasks (represented in Conﬁguration Option
3) just cannot be reliably performed with
Ranger technology. If so, it will become evident
from early testing. If the task is not critical for
extended mission operations, that task can be
deleted from the manifest early enough to cause
minimal impacts on resources. If it is mission
critical, alternate approaches can be developed
that provide high reliability within the limitations
of the robot. In any case, the important factor
for mission assurance is that, as is the case for
EVA operations, this approach will entail orders

While the robotic system and use of SM4 hardware
drive the size, the trade-off to be addressed is
that all of this hardware is basically already
bought and paid for. In that context, the marginal
increase in cost for a larger class of launch
vehicle is more than made up for in development,
fabrication, and testing costs already incurred
under separate funding for this proposed mission.

Any white paper is intended to generate
discussions and debate. However, in an attempt to
focus the thinking about this proposal, some of the
more likely criticisms will be addressed up front:

You have to rendezvous and dock again for
deorbit!
Separating to a co-orbital location allows the use
of an existing high-performance liquid-fueled
12

spacecraft bus, rather than a solid propellent
system which could remained docked to HST
during future science investigations. While ICM
is based on a high-reliability ﬂight-proven system
with lifetimes in excess of six years, it must be
admitted that there is a small, but non-negligable
chance that a systems failure might prevent the
ICM from redocking and performing the deorbit
maneuver. Since the large maneuvering reserves
will allow an initial Hubble reboost of several
hundred miles in altitude, it is hoped that the
small likelihood of this failure, in conjunction
with a 40-50 year time frame for deboost
prior to an uncontrolled entry due to orbital
decay, will be adequate for NASA approval.
A university canʼt provide mission-critical ﬂight
hardware!
Actually, this is a double-standard of long standing
at NASA - almost every spacecraft, from the
rovers on Mars to Hubble itself, carries university
hardware in ﬂight-critical roles: the instruments. It
has always seemed strange that science graduates
students are allowed - even expected - to participate
in ﬂight hardware development, but engineering
students somehow only achieve competency
when they graduate and go to work for industry.

Figure 16
Experimental Assembly of Structures in EVA
(EASE) - STS 61-B
fabrication and testing are chosen exclusively
from corporations already experienced in ﬂight
hardware development for NASA, such as Payload
Systems, FlightFab, Swales, and Bechdon.
In addition, the University of Maryland is
developing a new state-of-the-art engineering
research building on campus at this time. Scheduled
to open in 2005, the Kim Engineering Building
incorporates a Space System Development
Laboratory designed from the ground up
exclusively for the assembly and testing of space
ﬂight hardware. This facility, including Class
100,000 clean room, thermal vacuum chamber,
thermal environment chamber, CMM inspection
station, and certiﬁed electronics ﬂight development
laboratory, will be available for this program in time
to perform ﬂight hardware assembly and testing.

Ranting aside, the Space Systems Laboratory
has developed and ﬂown primary payloads
on the Space Shuttle, dating back to the EASE
EVA ﬂight experiment in 1985 [Figure 16].
During the Ranger development program, the
SSL evolved a highly functional strategy with
with a base of full-time professional engineering
staff to ensure quality and corporate memory,
while undergraduates and graduate students
were integrated into the development team as an
augmentation to their academic endeavors. The
SSL has developed NASA-accepted procedures
for issues such as conﬁguration control, materials
certiﬁcation, and quality assurance; with support
from ﬂight-qualiﬁed contractors such as FlightFab,
an effort is currently underway to ensure that all
SSL ﬂight development procedures are ISO90012000 compliant. SSL subcontractors for parts

But your robot has never ﬂown before!
No, it hasnʼt. It was, however, designed for this
exact purpose of performing EVA-equivalent
servicing of HST, based on twenty years of
practical Space Systems Laboratory experience
in servicing HST with several generations of
dexterous robotics, in a highly realistic simulation
environment of neutral buoyancy. The actuators
and electronics of Ranger successfully passed
launch and space environmental testing, including
operations under proof loads across a full range
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of orbital temperatures, thermal vacuum tests,
and vibration testing at NASA Langley Research
Center and NASA Johnson Space Center. It
was approved for operation on the space shuttle
through the Level 2 Payload Safety Review
Panel. By the ofﬁcial NASA deﬁnition - “System/
subsystem model or prototype demonstration in a
relevant environment (ground or space)” - there
can be no doubt that the Ranger system is at
TRL 6, the last step prior to ﬂight demonstration.

work on two or three standard interfaces, which
is acceptable for ISS because robotic servicing
tasks have been designated ahead of time, and
specialized robotic interfaces have been built into
the hardware prior to launch. This is clearly not the
case for Hubble, and the set of tasks which may
be attempted (much less successfully achieved)
by SPDM will be extremely limited compared to
the EVA-equivalent design paradigm of Ranger.
The Next Steps

The space shuttle and space station remote
manipulator systems (RMS and SSRMS) are the
only robotic systems to reach routine operational
use in space; however, they are more properly
classiﬁed as cranes, rather than manipulators.
They are capable of grasping only a single
interface design, which is large and bulky
enough to be limited to one or two installations
per spacecraft. There is no experience with these
devices in any application remotely approximating
the tasks required for robotic HST servicing.
The Special Purpose Dexterous Manipulator
(SPDM) is under development for operations on
International Space Station later this decade. This
unit beneﬁts from signiﬁcant common heritage
with RMS and SSRMS, in terms of demonstrating
ﬂight readiness. However, that same heritage is
a severe disadvantage in performing the tasks
required for full servicing of HST. The SPDM arms
are approximately twice the length of Ranger arms,
and three times the length of a human arm. This
will greatly limit access into restricted volumes.
The SPDM kinematics incorporate a large number
of joint offsets, resulting in a workspace densely
populated with singularities, which will in turn
complicate even simple tasks such as reaching
a work site. Perhaps the greatest disadvantage
of SPDM, though, is the extremely large size
and low dexterity of the Orbital Tool Changeout
Mechanism (OTCM), its end effector. At eleven
inches in diameter, there are many locations in HST
with adequate EVA access which are impossible
for SPDM to reach. The simple two-jaw parallel
grasp end effector of OTCM is only designed to
14

There are two parallel steps which need to be taken
to enable this proposal to proceed towards ﬂight.
The ﬁrst is to perform the next level of design
iteration for the concept, including this time
engineers and managers from NASA Goddard
and the Naval Research Laboratory. This effort
should be focused on developing a baseline
mission conﬁguration, along with clarifying
mission roles, program timelines and cost
estimates. Although not intending to usurp these
discussions, it is suggested for that NASA Goddard
should assume the role of mission integrator
and “prime contractor”, with extensive support
from NRL and SSL. While current estimates are
basically SWAGs, it appears easily achievable to
hold the total mission cost at or below the $300M
estimate given for a dedicated deorbit mission.
A second, equally critical step, is to establish
a immediate modest funding stream to allow
the University of Maryland to make focused
progress on Ranger robotics, including the ﬁnal
qualiﬁcation of the dexterous manipulators for
underwater simulations. At the same time, all
NASA HST neutral buoyancy training hardware
(currently being considered for scrapping!) needs
to be secured and made available for testing at
the University of Maryland Neutral Buoyancy
Research Facility. As soon as possible, a focused
test series should be initiated looking at the
applicability of Ranger dexterous manipulators
to perform SM4 servicing tasks; it is important
to have sufﬁcient NASA Goddard support to
have the routine and integral incorporation
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of HST engineers and operations experts
in this process to drive as expeditiously as
possible to ﬂight-like hardware and procedures.
Beneﬁts and Future Applications
The successful accomplishment of the proposed
robotic servicing mission will have implications
far beyond the immediate goal of a healthy and
productive HST. The HST follow-on program,
the James Webb Space Telescope, is planned for
launch in 2011 to the Earth-Sun L2 libration point,
roughly a million miles from Earth. There, dozens
of deployment actuators will have to perform
perfectly to arrive at a functional telescope. Robotic
servicing of this scale for HST will demonstrate
the capabilities needed to service JWST and other
large future science platforms throughout cislunar
space. Hubble clearly demonstrated the scientiﬁc
necessity of routine servicing for maintenance and
upgrades on a world-class science platform; this
program will extend the concept of servicing far
beyond those regions humans can currently reach.
And in the spirit of the new NASA exploration
initiative, it is important to remember than one of
the original purposes for Ranger was to serve as
an augmentation of humans, not a replacement.
Any human-carrying spacecraft bound for Mars
is going to require assembly and checkout in
Earth orbit, even if a Saturn V-class launch
vehicle miraculously appears. Human crews
on the way to Mars will beneﬁt greatly from
robotic systems for both EVA and IVA repair
and maintenance. The same robotic technologies
used to repair Hubble will form the basis of
the robotic systems which will help humans
return to the moon and reach Mars, and will
support them in their exploration of new worlds.
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HST Servicing Mission SM4-R(obotic)
Ranger Telerobotic Servicing System
University of Maryland

HST SM4 Servicing Hardware
NASA Goddard

Interim Control Module
Naval Research Laboratory

•

Goal is to perform the entire SM-4
mission planned for the shuttle robotically

•

All critical flight hardware already
exists from previous (cancelled)
flight programs

•

Will use underwater simulation to
develop tools and procedures
exactly as for shuttle mission

•

System will fly nearby after
servicing, return at end of mission
to perform deorbit

•

Provides the first flight opportunity
for advanced US robotics
technology

•

Utilizes a true partnership of
government, industry, and academia

